The evolution of the vertical thermodynamic profile associated with two cases of deep orographic convection were studied with data from an instrumented aircraft, mobile surface based radiosondes, and stereo photogrammetric analyses. The data were collected during a field experiment [i.e., the Cumulus Photogrammetric, In Situ, and Doppler Observations (CuPIDO) experiment in 2006] performed over the Santa Catalina Mountains in southern Arizona. In both cases the vertical thermodynamic profile was modified in a way that supported subsequent deep convection. In one case, a midtropospheric stable layer was eroded through low-level warming and cooling at the cloud-top level that was likely due to an adiabatic adjustment of the profile through the action of gravity waves. In the second case, dry air aloft was moistened through the action of the shallow convection thus preventing the erosion of the convective turrets through entrainment of dry air. These cases illustrate mechanisms for convective conditioning of the atmosphere that may organize deep convection in general.
Introduction
Cumulus convection plays an important role in the vertical transfer of mass, moisture, and momentum in the troposphere. The evolution of convection from the onset to the eventual development of deep, precipitating convection and cumulonimbus is difficult to observe and measure because of the wide range of scales involved. Some of the difficulties in observing the life cycle of cumulus clouds may be mitigated by considering orographic convection, and in particular that occurring over localized terrain features. Here, the initial location is well determined and one can sample the preconvective environment and record the earliest stages of the convection and changes to the vertical profile that occur during the development. Through understanding these processes in detail, we can gain insight into mechanisms for the onset and organization of convection in general.
A favored location for the initial development of summer convection in southern Arizona is the Santa Catalina Mountains, north of Tucson. This range has a maximum elevation of about 2800 m (9000 ft) with a characteristic horizontal scale of about 20 km as is shown in Fig. 1 . The convection typically begins over peaks (Mt. Lemmon and Mt. Bigelow) at about 1500 UTC. On many days there is a slow stepwise development during the transition to cumulonimbus as described by Zehnder et al. (2006) . Zehnder et al. attribute the relatively slow development to a moistening of the column that prevents erosion of the turrets by entraining the typically dry environmental air.
The role of shallow convection in conditioning the atmosphere for deep convection and the importance of midlevel moisture has been acknowledged by a number of authors. Cetrone and Houze (2006) discussed the role of midlevel humidity and buoyancy in governing the echo height and mode of organization of convective systems in the tropical west Pacific. Brown and Zhang (1997) show that dry air above the boundary layer limits cloud-top heights and leads to temporary break periods in the monsoon over the west Pacific warm pool. Blyth and Latham (1993) show that the cumulus congestus that forms over the Magdelena Mountains in New Mexico undergoes cycles of growth and decay with new convective turrets ascending through the remnants of the old ones.
These ideas have been explored in numerical modeling studies as well. Crook (1996) demonstrated the sensitivity of moist convection to low-level thermodynamic parameters using a high-resolution model. Modifications of convective inhibition (CIN) and CAPE of model temperature profiles resulted in either no triggering or intense convection. Guichard et al. (2004) and Bechtold et al., (2004) both argue that a shallow convection phase is important in moistening the lower troposphere prior to the onset of deep convection. Grabowski et al. (2006) have shown that the shallowto-deep convection transition is related to changes in the cloud width. It can be assumed that the entrainment is inversely proportional to the cloud width. By allowing a time-dependent entrainment that varied as the cloud width increased by an order of magnitude, Grabowski et al. (2006) were able to capture aspects of the diurnal convective cycle over Amazonia. Kuang and Bretherton (2006) performed a statistical analysis on high-resolution cloud-resolving model output that suggested the entrainment rates are linked to the basal cloud-size distribution. Khairoutdinov and Randall (2006) also show that the width of the clouds and depth of the convection are positively correlated.
The importance of correctly representing the interaction between cumulus clouds and the environment as related to parameterized convection schemes in largescale models has been discussed in recent studies. Difficulties in capturing the diurnal convective cycle in the tropics have been linked to deficiencies in the physical parameterizations of the Met Office Unified Model by Yang and Slingo (2001) . An analysis of the diurnal convective cycle in a continental tropical environment by Betts and Jakob (2002) showed the development of convection too early in the European Centre for Medium-Range Weather Forecasts (ECMWF) forecast model. The premature development was linked to an incorrect development of the convective boundary layer.
The reliable location for onset of shallow convection over the Santa Catalina Mountains in southern Arizona motivated a field experiment that was performed during the summer of 2006. The experiment was referred to as the Cumulus Photogrammetric, In Situ, and Doppler Observations (CuPIDO) experiment. CuPIDO utilized a network of surface meteorology and flux stations, two mobile GPS-based sounding systems, two stereo pairs of visible spectrum digital cameras, and the University of Wyoming King Air (WKA). In addition to the capability for collecting in situ data, the WKA has a 95-GHz Doppler radar that is capable of 30-m resolution. Further details of the experiment design and observing platforms are given in the following section.
The central hypotheses of CuPIDO were that the convection begins through destabilization of the boundary layer by surface fluxes of latent and sensible heat, and the establishment of a convergent anabatic flow along the sides of the mountain. Once the shallow convection develops, the resulting development is governed by a mutual interaction between the shallow convection and the environment. The shallow convection modifies the profile by either moistening or modification of the vertical temperature profile, setting the stage for the onset of deep convection. The cases presented in this paper provide examples of the interaction between cumulus clouds and the environment of each type. In one case an adiabatic adjustment of the temperature profile seems to be occurring.
The structure of the paper is as follows. Section 2 describes the CuPIDO experiment design and observing platforms. Section 3 describes the synoptic setting for the cases discussed, evolution of the cumulus clouds, and modifications to the vertical thermodynamic profile that occurs. The fourth section summarizes the results. 
Data sources
The primary data for this experiment were collected during the 2006 CuPIDO field program. CuPIDO was a multiplatform experiment designed to examine the life cycle of cumulus convection. One of the goals of CuPIDO was to characterize the interaction between cumulus clouds and their environment, with the notion that the conditioning of the environment by shallow convection sets the stage for subsequent deep convection. A detailed description of the experiment design, observing platforms, and some preliminary results is given by Damiani et al. (2008) . Relevant details are provided briefly here for convenience.
CuPIDO employed two mobile GPS-based sounding systems provided by the National Center for Atmospheric Research/Earth Observing Laboratory (NCAR/ EOL). The Mobile GPS Advanced Upper-Air Sounding System (MGAUS) units were deployed at various locations in the Santa Catalina Mountains depending on prevailing wind conditions. The MGAUS were deployed either in tandem or at separate locations. When operated together they provided the capability of launching soundings at half-hourly intervals. The experiment design called for the soundings to begin shortly before or at the time of convective onset. During most of the intensive observing periods (IOPs) the winds were light and variable and the soundings sampled essentially the same vertical column in the atmosphere. A few specific locations were typically used and the ones in these case studies (Windy Point and Mt. Lemmon) are shown in Fig. 1 .
The airborne platform was the WKA, which is equipped with a variety of sensors for in situ sampling of the atmosphere. Among these are a gust probe, cloud particle probes, and high-frequency temperature and humidity sensors. (Further information on the WKA instrumentation is available online at http://flights.uwyo. edu/base/InstList.pdf.)
The IOPs were centered on WKA flights with coordinated MGAUS soundings. MGAUS provided details of the vertical profiles at high temporal resolution while in situ data from the WKA provided the horizontal thermodynamic characteristics at selected flight levels along with in-cloud observations. The Santa Catalina Mountains are near the Tucson International Airport and the Davis-Monthan Air Force base. Proximity to commercial and military air traffic limited the WKA's ability to change altitude so the in situ data was collected at specified levels. This did not prove to significantly limit the data collection.
Cumulus cloud positions and structures were determined using visible digital images collected at several locations. The cameras used in this portion of the study were located on the University of Arizona campus along a baseline of about 1.4 km oriented from the northwest to southeast. The orientation of the cameras, labeled as CC6 and CC7 in Fig. 1 , is perpendicular to the ridgeline between Mt. Lemmon and Mt. Bigelow and at a distance of about 30 km. The camera spacing provides the 1/20 ratio that is considered optimal for stereo photogrammetry (e.g., Zehnder et al. 2007) .
The stereo photogrammetric technique developed for this study is described in detail in Zehnder et al. (2007) . The cameras are IQeye300 digital Web cameras with 2048 3 1536 pixels and a 3.2 mm pixel 21 dimension (more information available online at http://www.iqinvision. com/). Computar M0814-MP lenses with a focal length f 5 8 mm and F1.4 were used. These lenses have a field of view of approximately 528. Camera properties (i.e., focal length and imaging chip dimensions) are known and the positions and orientation (i.e., elevation and azimuth angles) are measured with the values being treated as approximate. Features on the orography that could be easily identified were used as reference points and corrected values of the position and orientation of the cameras were calculated using the algorithm described in Zehnder et al. (2007) . Additional points on the orography were used as a check and calculated positions were accurate to within 50 m at the 30-km distance of the peaks.
Case studies
The development of shallow orographic convection and the eventual transition to cumulonimbus is examined for two dates: 10 and 17 August 2006. These dates were chosen because they provide examples with differing conditions aloft. On 10 August there were generally moist conditions aloft with a stable layer at roughly the 500-mb level, while on 17 August the air was dry aloft with no stable layer. The modification of the profile in each case occurs through a different mechanism.
The synoptic setting (i.e., temperature, moisture, and wind aloft) on both days is discussed here. Figure 2 shows operational 1200 UTC sounding from the Tucson International Airport on 10 and 17 August. The wind profiles on both days are typical in southern Arizona during the North American monsoon. The winds aloft are light (typically less than 5 kt) and variable to above 400 mb on 17 August and throughout the depth of the troposphere on 10 August. This wind profile is favorable for the modification of the vertical thermodynamic profile through the action of the shallow convection.
There is a shallow surface inversion present in the morning on both days, and the profiles tend toward moist adiabatic, particularly above the 500-mb level 
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with CAPE values of 2879 and 1105 J kg 21 on 10 and 17 August, respectively. There are significant differences in the moisture content aloft between the days, with the profile being close to saturated aloft on 10 August and with a dry layer extending from the 500-mb level to the tropopause on 17 August. The dewpoint depression on 17 August exceeds 208C above the 500-mb level. There is a shallow saturated layer at about 600 mb on 17 August. This is associated with some midlevel cloud present at the time of the sounding and not representative of the large-scale environment. As will be shown in subsequent sections, there may be significant differences between the operational 1200 UTC sounding and conditions over the orography.
The regional-scale distribution of moisture is given in Fig. 3 , which shows the Geostationary Operational Environmental Satellite (GOES) IR water vapor imagery at 1500 UTC 10 and 17 August. This time is chosen since it coincides with the onset of the orographic convection. The deep moist layer on 10 August is clearly evident, as is the dry air aloft on 17 August. The dry air aloft is associated with a weak trough located over the east Pacific near the coast of Baja California.
Differences in the large-scale environment are reflected in the evolution of the orographic convection as shown in Fig. 4 . The maximum cloud height was determined using the stereo technique described in the preceding section. The height of the tallest element in the frame was determined at 5-min intervals from the onset of the convection until 0000 UTC (1700 local time) on each of the days. This technique provides the height of the convective envelope as a whole and not the detailed temporal evolution of any individual turret.
The convection typically develops a few hours after sunrise, beginning at 1515 UTC (0815 local time) and 1430 UTC (0730 local time) on 10 and 17 August, respectively. The later onset on 10 August is due to the presence of midlevel stratiform cloud that tended to be present in the morning hours on days with moist conditions aloft. The fundamental difference between the times series is the rate of development as reflected in the rate of change of the maximum cloud-top height. Despite the later start on 10 August, the cloud tops build rapidly and then oscillate around the 7000-m level until about 1930 UTC at which time a cumulonimbus develops and eventually extends to a height of about 12 000 m. In contrast to 10 August, on 17 August the 
development is more continuous, with a more or less monotonic increase in height from the onset until 1830 UTC. The reasons for the difference will be discussed below.
a. 10 August 2006
Soundings were performed at Windy Point (see Fig. 1 ) beginning at 1530 UTC and continuing each half hour until 1930 UTC. The evolution of the thermodynamic profile is seen in Fig. 5 , which shows the potential temperature (u) equivalent potential temperature (u e ), and saturated equivalent potential temperature u Ã e . These quantities were calculated from the sounding data using the numerical algorithm of Bolton (1980) and the stability characteristics associated with this type of profile are described in a number of places (e.g., Holton 2004) .
There is a deep conditionally unstable layer present at the time the soundings begin, with no evidence of the nocturnal surface inversion. There is a gradual increase in the surface temperature seen through the increase in u Ã e and the eventual development of a well-mixed convective boundary layer from the surface (at 2000 m MSL) to about 3000 m. The other notable feature is a stable layer between 6000 and 8000 m MSL (roughly the 400-500-mb level) seen in the profile of u Ã e . This layer was present on many days during the experiment. It is also interesting to note that there is no evidence of a stable layer at this level in the 1200 UTC operational sounding at Tucson. This suggests that the stable layer is either spatially varying, transient, or both. In either case, the presence of this stable layer significantly influences the evolution of the deep convection by providing a cap on the vertical development of the clouds.
The stable layer is present in the first sounding (1530 UTC) and persists until 1900 UTC at which time the u Ã e profile in this layer becomes saturated neutral. The breakdown of the stable layer coincides with the onset of the deep convection, as will be discussed in more detail below. Further details of the evolution are seen in Fig. 6 , which shows the u e and u Ã e profiles at 1800 and 1930 UTC superposed. The flight levels of the WKA are also shown at the times indicated in the figure. There is little change in u e before and after the onset of the deep convection and this suggests that there is little moistening of the profile. Most of the modification comes through the modification of u Ã e , which is a proxy for the temperature. Furthermore, the breakdown occurs through warming of the profile below about 7000 m MSL, and cooling above that level.
Details of the convective development are seen in Fig. 7 , which shows horizontal cross and plan sections of points located on the cloud images in Fig. 7a . As can be seen in Fig. 4 , there is a rather rapid development of cloud heights up to 7000 m MSL, at which point the convection is capped. There is a line of convective cells that develops along the highest terrain between Mt. Lemmon and Mt. Bigelow. The maximum heights of these cells are uniform between 1730 and 1930 UTC, at which time the deep convection begins to develop. A turret develops over Mt. Bigelow and eventually deepens into a cumulonimbus cell in that location. The rapid growth of the cell is clearly evident, with the height of the cloud top increasing from 7000 to 12 000 m MSL in a period of about 10 min.
Modification of the thermodynamic parameters in the vicinity of the terrain is seen in the flight level data from the WKA in Fig. 8 . This plot shows the flight level u points shown in Fig. 7 . The UWKA was operating at a constant altitude of 7500 m MSL for nearly an hour, and a box pattern was performed around the terrain beginning at about 1800 UTC. The lowest values of u Ã e are located in the southeast quadrant of the terrain (roughly 346 K) with the temperatures elevated to about 349 K on the downwind side. The warming may be due to the transport of high u e air from below and subsequent northward advection by the mean flow or by the downward displacement and subsidence warming as air flows over and down the cloud. Figs. 8a and 8c shows that the temperatures are lower than in transects at that level at the earlier time. There is a net cooling present that is not a simple matter of cooler air being advected from the south. One possible mechanism for this cooling is the entrainment of dry air into the top of the cloud. This would result in evaporative cooling that would explain the evolution of the u Ã e profile seen in Figs. 5 and 6. However, evaporative cooling would also elevate u e , and this does not seem to be occurring (Figs. 6a,c) . The cloud-top chronology in Fig. 4 shows a period of about half an hour at around 1900 UTC where the convection is suppressed. At this time, the maximum cloud heights were at 4000-5000 m MSL. This period is associated with regional-scale subsidence due to the development of cumulonimbus over the Rincon Mountains that are to the southeast of the Santa Catalinas. Figure 9 shows a cloud image at 1955 UTC. A line of convection over Pusch Ridge (see Fig. 1 for location) is visible in the foreground, the cumulonimbus that develops over Mt. Bigelow is in the center of the frame, and the anvil associated with the cumulonimbus over the Rincon Mountains is visible toward the right. Downdrafts on the order of 24 m s 21 were present in the southeast quadrant of the Santa Catalinas as determined from in situ WKA data (not shown).
(Additional details of the cloud evolution are available as supplemental material at the Journals Online Web site: http://dx.doi.org/10.1175/2008MWR2521.s1.) This video shows the slow evolution of shallow convection beginning at about 1530 UTC (0830 local time) with the convection becoming more vigorous as the midlevel stratiform cloud dissipates. At about 1730 UTC there is a line of cumulus congestus along the ridge between Mt. Lemmon and Mt. Bigelow, with the depth of the turrets increasing as they become wider. This behavior is consistent with the modeling work of Grabowski et al. (2006) and Khairoutdinov and Randall (2006) . The convection continues, capped by the midlevel stable layer, and at about 1845 UTC diminishes, with only shallow cumulus present over Mt. Bigelow for a period of about half an hour. Congestus again begins to develop with cumulonimbus over Mt. Bigelow and the anvil from the cell over the Rincon Mountains appearing at 1945 UTC.
The occurrence of nearby convection suggests an alternative mechanism for modifying the vertical profiles of u e and u associated with inertio-gravity waves. For these displacements, u e would be conserved while the u Ã e profile would be modified since it is simply a proxy of the temperature. Adiabatic displacements would better explain the evolution of the u Ã e and u Ã e profiles shown in Figs. 5 and 6. A decrease in temperature above a vertically localized diabatic heat source can occur through gravity wave dispersion. This has been shown analytically using the hydrostatic, Boussinesq equations by Nicholls et al. (1991) and with a linear spectral model by Mapes (1998) . The waves may be generated locally by convection over Mt. Lemmon or by diabatic heating over the Rincon Mountains as suggested by Fig. 9 . Another possible source of gravity waves is orographic uplift associated with the southerly flow shown in Fig. 5 . However, owing to the light and variable low-level winds, waves due to flow over the orography may play a minimal role. Holloway and Neelin (2007) provided evidence for a ''convective cold top,'' that is, a negative correlation between the temperature in the upper troposphere and lower stratosphere with those in the vertically averaged tropical troposphere. They attribute the cold to a hydrostatic pressure gradient generated by warming in the troposphere generating divergence that forces ascent and accompanying adiabatic cooling (i.e., gravity waves). Holloway and Neelin also review a number of mechanisms for cold anomalies present above regions of deep convection. In many cases the anomaly is related to radiative cooling (e.g., Thuburn and Craig 2002; Holton and Gettelman 2001) , which are active at time scales longer than the ones in this study. Kuang and Bretherton (2004) suggest that turbulent mixing associated with overshooting parcels is responsible for the cooling and this process would occur on shorter time scales than the radiative ones. Pandya and Durran (1996) used a compressible, nonhydrostatic model without moist or microphysical processes to show that adiabatic lifting due to gravity waves can generate large negative temperature anomalies in the vicinity of the tops of squall lines. The relative contributions of evaporative cooling due to entrained environmental air, diabatically induced pressure gradients, and the influence of gravity waves will be addressed in a later study.
Entrainment into the clouds may be examined using conservative, linearly mixing tracers. Paluch (1979) developed a technique using the total water mixing ratio q total , and the wet equivalent potential temperature, defined as
where T is the temperature, p is the pressure, C pd is the specific heat at constant pressure for dry air, C w is the specific heat of water, q total is the total water mixing ratio, and L is the latent heat of vaporization. Paluch showed that for nonprecipitating, nonradiating clouds, these quantities are nearly conservative and mix (nearly) linearly. If air from two specified levels in the environment is mixed in various proportions, the values of q total and u q should lie along a line connecting the environmental values in the q total and u q plane. If the air is originating from a number of levels, the mixed air values should lie within a polygon bounded by the extreme values of q total and u q of the original unmixed air. Plots of q total and u q for the environment and within the cloud at various times and flight levels are shown in Fig. 10 . The environmental values are determined from soundings at Windy Point while in-cloud data is derived from WKA. Figure 10a shows a series of passes early in the development with sounding data at 1730 UTC. Mixing lines (i.e., the lines connecting points of origin in the environment) are derived from a linear regression of the observed in-cloud values. The low-level origin of parcels ranges between 2928 and 3202 m MSL for all the passes. The first pass has an upper level of origin 6532 m, the second pass at 6742 m, and the third at 8088 m. These levels of origin are consistent with the observed cloud base and top at 2609 and 6787 m, respectively, determined from the stereo analysis.
Data from a second set of cloud penetrations at a later time is shown in Fig. 10b . The environmental profile was derived from the Windy Point sounding at 1900 UTC. Here, both passes have a lower level of origin of 2928 m, which is consistent with a cloud base of 2343 m. The upper levels of origin are 8483 and 10 400 m, respectively, which are also consistent with the observed cloud-top height of 7809 m. The increase of the upper level of origin is consistent with the increasing height of the cloud tops. The fact that the parcel values lie along lines in both Figs. 10a,b suggest that the mixing is vertical and parcels aloft originate from above the level of the stable layer (i.e., roughly 7000-8000 m MSL). Evidence for vertical mixing rather than lateral entrainment was provided by Raymond and Wilkening (1982) for orographic cumuli in New Mexico.
b. 17 August 2006
Soundings were performed hourly beginning at 1530 UTC at both Mt. Lemmon and Windy Point on this day. FIG. 11. Thermodynamic profiles u, u e , and u In contrast to the 10 August case, the air aloft is dry above about 7000 m MSL and there is no evidence of a midtropospheric stable layer. This resulted in a different evolution of the convection. The cloud-top chronology given in Fig. 4 shows that the development on this day was somewhat slower, but more continuous than on 10 August. In spite of the development being more continuous, the cloud-top heights never exceed 12 000 m MSL and there was no formation of cumulonimbus (Cb).
The thermodynamic profiles over Mt. Lemmon early (1630 UTC) and toward the end (1930 UTC) of the IOP are shown in Fig. 11 . The dry air aloft is evident from u and u e being equal above 7000 m MSL. There is significant modification of the u e profile between 4000 The evolution of the vertical profile is further illustrated in Fig. 12 , which shows the profiles at hourly intervals between 1730 and 1930 UTC. The profile is somewhat noisy, with a spike at the 4000-m MSL level likely being associated with wetting of the thermocouple during cloud penetrations (Wang 2005) . The most notable feature is the upward propagation of a moist layer as seen in the profile of u e . There is a localized maximum in u e , which moves upward from about 5500 m MSL in the 1730 UTC sounding, to 7000 m at 1830 UTC and to about 8000 m at 1930 UTC. There is little change in the profile of u Ã e during the episode except where the sounding is contaminated by wetting the sensor. This implies that the modification of the profile is due to moistening as opposed to the changes in the vertical temperature profile that occurred on 10 August.
Structure of the convection at various times during the course of the event is shown in Fig. 13 . Here, as is typical, the deep convection is confined to the ridge between Mt. Bigelow and Mt. Lemmon and shallow convection is located over Pusch Ridge. Overall, the development is more continuous in this case, with a deep convective cell being present over Mt. Lemmon. Also, the maximum cloud heights as seen here and in the cloud-top chronology in Fig. 4 are at 12 000 m. The tropopause height seen in Fig. 2 is at 140 mb (or about 14 000 m). This suggests that the cloud-top heights are not limited by the height of the tropopause.
Further details of changes to u e during the development are obtained from the in situ aircraft data and shown in Fig. 14 . Tracks at three different flight levels are shown. While the aircraft is was operating at an altitude of 7100 m (Fig. 14a) there is little observed variation in u e , with values being nearly uniform at 334 K. Referring to the 1730 UTC sounding Fig. 12 , one sees that at this time the moistening is occurring below the flight level. As the aircraft moved to successively higher levels (Figs. 14b,c) an increase in u e on the order of 3-4 K were seen in the areas downwind of the deep convection. However, due to the relatively strong southerly winds aloft, this moistened air was advected downstream. Another important aspect of the convective development is shown in Fig. 15 . Here we present profiles of the top of the convective cell shown in the right-hand inset of the figure. (Note here the change in the portion of the terrain plotted; cf. Fig. 12. ) This is the same convective cell shown over Mt. Lemmon in Fig. 13 . The cloud-top height increases to about 12 000 m, followed by an abrupt collapse back to about 10 000 m. Further tracking of this cloud feature was not possible since at this time a new turret developing in the foreground obscured the cloud top. During the 8-min period covered during the analysis, the remnants of this turret moved downwind by about 0.048 latitude (or about 4.4 km). The collapse of the cloud top is likely due to the entrainment of dry air and negative buoyancy production due to evaporative cooling. This behavior of the convection tended to present on days when the air was dry aloft. An important implication of this behavior is that the detrainment level can be significantly lower than the maximum cloud height.
(Additional details of the evolution are available as supplemental material at the Journals Online Web site: http://dx.doi.org/10.1175/2008MWR2521.s1.) Shallow convection develops along the ridge between Mt. Bigelow and Mt. Lemmon in a manner similar to 10 August. The shallow convection widens and deepens, and once the tops extend past the 8000 m MSL level there is evidence of advection by the relatively strong (20 m s
21
) winds at and above that level. The collapse of the cloud tops is also clearly seen, especially during the period between 1800 and 1930 UTC.
The entrainment characteristics in this case are illustrated in Fig. 16 , which shows a Paluch plot as described in the preceding section. The environmental values were determined using the 1730 UTC sounding from Windy Point. There is evidence of mixing lines with upper levels of origin at 9511 and 10 570 m, respectively. These compare well with the cloud-top height of 9396 m determined from the stereo analysis. The lower end of the mixing lines does not intersect the environmental profile, which suggests that the parcels may be originating at an elevation below that of Windy Point. There is once again evidence of vertical entrainment that may lead to the negative buoyancy production described above. The increase in u e that occurs at about the 8000-m level in the 1930 UTC sounding suggests a moistening that may be associated with evaporation of cloud drops at the cloud top.
Summary and conclusions
In this paper we used a combination of sounding and in situ aircraft data along with cloud structures derived using stereo photogrammetric analysis to examine the evolution of the vertical thermodynamic profile during two cases of deep orographic convection. The data and cloud imagery were collected during the CuPIDO field campaign (Damiani et al. 2008) . One of the central hypothesis of CuPIDO was that shallow convection modifies the thermodynamic profile so as to support subsequent deep convection.
The cases chosen here represent two different modes of modification. The first case (i.e., 10 August) had moist conditions aloft and modest values of CAPE. In this case there was a stable layer between the 6000-8000 m MSL (about 400-500 mb) levels that suppressed the formation of cumulonimbus. Cumulus congestus built up to the height of the stable layer and remained capped at that level for a period of several hours. A combination of warming at the low to midlevels and cooling at the cloud-top level resulted in a breakdown of the stable layer that coincided with the eventual development of deep, precipitating cumulonimbus. While the mechanism for the cooling remains undetermined, it is likely that adiabatic displacements associated with gravity waves forced by the localized diabatic heating may be responsible. The second case (i.e., 17 August) was characterized by dry conditions aloft that are more typical of conditions during the North American monsoon. There was no midtropospheric stable layer to limit the deep convection, but the dry air aloft limited the vertical development through erosion of the convective turrets through entrainment of the dry air. Evidence of evaporative cooling at the cloud-top level was suggested by collapse of the cloud tops from their maximum elevation and this was presumably due to negative buoyancy production. The maximum vertical extent of the convection on this day was beneath the height of the tropopause. This case also illustrates that the detrainment level can be significantly lower than the maximum cloud-top height.
In both cases entrainment into the clouds appeared to be vertical, with parcels originating at around the 3000-and above the 7000-m levels, respectively. The vertical entrainment is consistent with the notion that evaporation of cloud drops in the upper portion of the cloud was responsible for the cooling, which led to the negative cloud-top buoyancy that was observed on 17 August. The contributions of evaporative cooling and the influence of adiabatic vertical displacements on the evolution of the temperature profile will be further explored in additional case studies and using cloud-resolving models.
